
AFRL-RX-WP-JA-2018-0320

FROM HIGH ENTROPY ALLOYS TO COMPLEX 
CONCENTRATED ALLOYS (POSTPRINT)

S. Gorsse
CNRS, University Bordeaux

J.P. Couzinié 
Université Paris Est

D. Miracle
AFRL/RX

30 AUGUST 2018
Interim Report

DISTRIBUTION STATEMENT A.
Approved for public release: distribution is unlimited. 

© 2018 ACADÉMIE DES SCIENCES

(STINFO COPY)

AIR FORCE RESEARCH LABORATORY
MATERIALS AND MANUFACTURING DIRECTORATE

WRIGHT-PATTERSON AIR FORCE BASE, OH  45433-7750
AIR FORCE MATERIEL COMMAND

UNITED STATES AIR FORCE



REPORT DOCUMENTATION PAGE Form Approved
OMB No. 0704-0188

The public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and 
maintaining the data needed, and completing and reviewing the collection of information.  Send comments regarding this burden estimate or any other aspect of this collection of information, including 
suggestions for reducing this burden, to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson Davis Highway, 
Suite 1204, Arlington, VA 22202-4302.  Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a collection of 
information if it does not display a currently valid OMB control number.  PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1.  REPORT DATE  (DD-MM-YY) 2.  REPORT TYPE 3.  DATES COVERED (From - To)
30 August 2018 Interim 19 March 2014 – 30 July 2018

4.  TITLE AND SUBTITLE
FROM HIGH ENTROPY ALLOYS TO COMPLEX 
CONCENTRATED ALLOYS  (POSTPRINT)

5a.  CONTRACT NUMBER
IN-HOUSE

5b.  GRANT NUMBER 

5c.  PROGRAM ELEMENT NUMBER

6.  AUTHOR(S)
1) S. Gorsse –

CNRS  
2) J.P. Couzinié –

Université Paris Est

(Continued on page 2)

5d.  PROJECT NUMBER

5e.  TASK NUMBER   
5f.  WORK UNIT NUMBER

X0W6
7.  PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8.  PERFORMING ORGANIZATION REPORT NUMBER

1) CNRS, University 
Bordeaux
ICMCB, UPR 9048, F-
33600 Pessac, France

2) Université Paris Est
ICMPE (UMR 7182), 
CNRS, UPEC, Thiais, France

(Continued on page 2)

9.   SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10.  SPONSORING/MONITORING AGENCY
       ACRONYM(S)

Air Force Research Laboratory
Materials and Manufacturing Directorate
Wright-Patterson Air Force Base, OH  45433-7750
Air Force Materiel Command
United States Air Force

AFRL/RXCM
11.  SPONSORING/MONITORING AGENCY
       REPORT NUMBER(S)

AFRL-RX-WP-JA-2018-0320

12.  DISTRIBUTION/AVAILABILITY STATEMENT
DISTRIBUTION STATEMENT A.  Approved for public release: distribution is unlimited.

13.  SUPPLEMENTARY NOTES
PA Case Number: 88ABW-2018-4345; Clearance Date: 30 Aug 2018.  This document contains color. Journal article published 
in Comptes Rendus Physique, Vol. 19, No. 8, 8 Dec 2018. © 2018 Académie des Sciences.  The U.S. Government is joint 
author of the work and has the right to use, modify, reproduce, release, perform, display, or disclose the work. 
The final publication is available at https://doi.org/10.1016/j.crhy.2018.09.004

14.  ABSTRACT (Maximum 200 words)
High-entropy alloys (HEAs) and related concept of complex concentrated alloys (CCAs) expand the diversity of the materials 
world and inspire new ideas and approaches for the design of materials with an attractive combination of properties. Here, we
present a critical review of the field with the intent of summarizing the principles underlying their birth and growth. We 
highlight the major accomplishments and progresses over the last 14 years, especially in the discovery of new microstructures
and mechanical properties. Finally, we outline the main challenges and provide guidance for future works.

15.  SUBJECT TERMS 
High entropy alloys; Alloy design; Microstructures; Combinatorial metallurgy; Mechanical properties; Computational 
thermodynamic

16.  SECURITY CLASSIFICATION OF: 17. LIMITATION 
OF ABSTRACT:

SAR

18.  NUMBER 
OF PAGES

19

19a.  NAME OF RESPONSIBLE PERSON (Monitor)
a.  REPORT
Unclassified

b. ABSTRACT
Unclassified

c. THIS PAGE
Unclassified

Bill Song
19b.  TELEPHONE NUMBER (Include Area Code)

(937) 255-1351
Standard Form 298 (Rev. 8-98)   
Prescribed by ANSI Std. Z39-18



REPORT DOCUMENTATION PAGE Cont’d
6.  AUTHOR(S)

3)  D. Miracle – AFRL/RX

7.  PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES)

3) AFRL/RX
Wright-Patterson AFB, OH 45433

Standard Form 298 (Rev. 8-98)   
Prescribed by ANSI Std. Z39-18



���������	
���������������

�������������� ����!����"#���#�$�%�#�

�&'()��*��+,
�*�����	
�

---.�#���#�/�%�#�.#�0

1�2*)3�+,�*�+*'�)455�6*455&��*7*855�49��*':)455�	
��*;*+&
<�55��*)�+,4+6��

=3&'*��9�>�+)3&(�*455&��*)&*6&'(5�?*6&+6�+)34)�,*455&��

@AB*CDDECFAB*G*HCIJA*AKJLMNEA*CIO*CDDECFAB*PMKPAKJLQB*PMRNDAOAB

S):(�4+�T&3���4UVUWX*Y�4+>���5�((��&
Z�+�:6X*[4+��5*\�]�3465�,
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%'6-8&-%!-'7&)#' <',)'=?D#ĥ# 0-,2--1']I'%16'U'f';K=>?'I(-'&-6+8,")1'%..-%&!',)'0-'8)11-8,-6',)',(-'-A)$+,")1')7'
8(-#"8%$'%16'#%*1-,"8'8)1,&"0+,")1!'2",(',-#.-&%,+&-?'N"&!,'.&"18".$-!'8%$8+$%,")1!'%$!)'("*($"*(,',(-'-C"!,-18-')7'1-*%,"A-'
RN4!'"1'!)#-',-&1%&:'%16'l+%,-&1%&:'!"1*$-9.(%!-'%$$):!'%,'Uf';DK/KK>?'R+8('&-!+$,!'"16"8%,-'%'.)!!"0$-'788',)'(8.'.(%!-'
,&%1!",")1'%,'$)2',-#.-&%,+&-!'0:',(-'!.)1,%1-)+!'-#"!!")1')7'.%&,"%$'6"!$)8%,")1!'7&)#',(-'.%&-1,'788'.(%!-?'I("!'8)+$6'
-C.$%"1',(-'%0+16%1,',2"11"1*'%8,"A",:'%,'$)2',-#.-&%,+&-'"1'B)B&@"'%16'B)B&N-L1@"?
m)2'RN4!'(%A-'!"*1"E8%1,'8)1!-l+-18-!'7)&'6-7)&#%,")1'#-8(%1"!#!'"1'788'345!'P',(-:'$-%6',)'$%&*-'6"!$)8%,")1'6"!!)8"9

%,")1!'2("8('!+..)&,',(-'.$%1%&'8(%&%8,-&')7'6"!$)8%,")1'*$"6-'0:'"1("0","1*'8&)!!9!$".'%,'$)2'!,&%"1!';K >0+,'%$!)'$-%6',)',(-'
%8,"A%,")1')7',2"11"1*'2("8('0-8)#-!'%1'"#.)&,%1,'6-7)&#%,")1'#)6-'"1'345!'2",('$)2'RN4!';Dg/KM>?'I2"11"1*'%8,"A",:'"!'
%$$',(-'#)&-'"1,-1!-',(%,'6-7)&#%,")1'"!'"18&-%!-6'0+,',2"1'A)$+#-'7&%8,")1!'&-#%"1'&-$%,"A-$:'$)2'%16'6)'1),'-C8--6'KF'
;KM>?'I(-'8&","8%$'&-!)$A-6'!(-%&'!,&-!!'"!',-#.-&%,+&-'"16-.-16-1,/'&-%8("1*' MU'n=ULo%%16' =K'n<ULo%0-,2--1'��f'
%16' g_f'7)&'.)$:8&:!,%$$"1-'B)B&@"'%16'B)B&N-L1@"/'&-!.-8,"A-$:?'R+8('A%$+-!'8)&&-$%,-'2-$$'2",('-C.-&"#-1,!')1'pUU<q
!"1*$-'8&:!,%$!'7)&'2("8(' <U'n<ULo%"!')0,%"1-6'%,'$"l+"6'1",&)*-1',-#.-&%,+&-';K�>?'I2"11"1*'#-8(%1"!#!'%&-'!,"$$'+16-&'
8)1!"6-&%,")1'0+,'"1A)$A-',(-'#),")1')7'	aMb<< 'cR()8H$-:'.%&,"%$!'%16',(-'.)!!"0$-'8&)!!9!$".')7'6"!$)8%,")1!'2",('	a 
b<<U'cQ+&*-&!'A-8,)&'7&)#'.&"#%&:',)'8)1r+*%,-'.$%1-!';K_>?
I(-'.&-!-18-')7'1%1),2"1!'8&-%,-!'1-2'"1,-&7%8-!'2("8('6-8&-%!-',(-'7&--'#-%1'.%,(')7'6"!$)8%,")1!'%16'.&)6+8-!'%'

6:1%#"8'3%$$9o-,8('-77-8,?'I(-'%8,"A%,")1')7'!-A-&%$',2"11"1*'!:!,-#!'"!'$"H-$:',)'.&)#),-'%'=̀',2"1'%&8(",-8,+&-'"1!+&"1*'
%'6+%$'"18&-%!-')7'0),('!,&-1*,('%16'6+8,"$",:i'"1,-&7%8-!'%..-%&'%!'!,&)1*'0%&&"-&!'7)&'6"!$)8%,")1'#),")1'0+,')77-&'1-2'

7 
DISTRIBUTION STATEMENT A. Approved for public release (PA): distribution is unlimited.



��� �����		

�����������	���
������������� !

"#$%&%'()*+,(-./0+10*+)2/.0(3*./41+/567./(89/::7.;/<(=/>*?8(8)/,89@3),18/A.;/31*+3,A,)2/41+/318A*8),18(-/?(B8*)./(89/?(B8*),3/567./(89/::7./<9()(/
)(C*8/4+1?/DEFG�HIJK=;/L89,A,9@(-/(--12./<.M1N8/(./3,+3-*.=/(+*/*83-1.*9/,8/-(+B*/O@OO-*./)M()/+*0+*.*8)/(--12/3-(..*./<18*/3-(../,./(/@8,P@*/31?O,8(),18/14/
0+,83,0(-/*-*?*8).=;/QM*/-,8*/B,A*./)M*/*8*+B2/0+19@3);/567./(89/::7./-,*/O*)N**8/.14)/?(B8*),3/?()*+,(-./<18/)M*/-*4)/14/)M*/3M(+)=/(89/M(+9/?(B8*),3/
?()*+,(-./<18/)M*/+,BM)=;/<O=/>11?R)*?0*+()@+*/2,*-9/.)+*8B)M/A.;/9*8.,)2/14/318A*8),18(-/?*)(-/(--12.F/567./(89/::7./<DSJKF/+*0+,8)*9/O2/0*+?,..,18/14/
6-.*A,*+=;/L89,A,9@(-/(--12./<.M1N8/(./10*8/(89/3-1.*9/3,+3-*.=/(+*/*83-1.*9/,8/-(+B*/O@OO-*./)M()/+*0+*.*8)/(--12/4(?,-,*.;/QM,./3M(+)/9,.0-(2./9()(/41+/(O1@)/
S��J/31??*+3,(-/(89/S�J/567./(89/::7.;/QM*/9(.M*9/-,8*./B,A*/0*+41+?(83*/,89,3*./41+/@8,(T,(-/-1(9,8B/<.-10*F/	/US=F/O*(?/O*89,8B/<	/UGV�=/(89/
0(8*-/O*89,8B/<	/U�=;/'()*+,(-./(O1A*/(/0*+41+?(83*/,89*T/-,8*/M(A*/M,BM*+/A(-@*./14/)M()/0*+41+?(83*/,89*T/)M(8/)M1.*/O*-1N/,)F/.1/)M()/-,BM)*+/(89/
.)+18B*+/.)+@3)@+*./3(8/O*/?(9*/4+1?/(--12./(O1A*/)M*/-,8*;/G9/)+(8.,),18/?*)(-/(89/+*4+(3)1+2/?*)(-/567./(89/::7./1A*+-(0/N,)M/.)**-./(89/W,/(--12./(89/
O*B,8/)1/X--/)M*/B(0/O*)N**8/.)**-./(89/Q,/(--12.F/144*+,8B/8*N/?()*+,(-./9*.,B8/10),18.;/Y,BM)/?*)(-/::7./.0(8/)M*/B(0/O*)N**8/318A*8),18(-/7-/(89/Q,/
(--12.;/<3=/Z,*-9/.)+*8B)M/A.;/9*8.,)2/()/SJJJ[:/41+/+*4+(3)1+2/?*)(-/567./(89/::7./<>567./(89/>::7.=/(89/31??*+3,(-/W,RO(.*9/.@0*+(--12./<9()(/4+1?/
DSJFISK=;/>567./(89/>::7./M(A*/O**8/31-1+*9/)1/,9*8),42/3+2.)(-/.)+@3)@+*;/QM*/-,8*/B,A*./0*+41+?(83*/,89*T/41+/@8,(T,(-/-1(9,8B/<.-10*F/	/USF/31++*.0189,8B/
)1/)M*/?()*+,(-/,89*T/\ZV]NM*+*/\Z(89/](+*/)M*/2,*-9/.)+*8B)M/(89/)M*/9*8.,)2F/+*.0*3),A*-2=;/QM*/0*+41+?(83*/,89*T/-,8*/,./0-(3*9/18/)M*/M,BM*.)/
A(-@*/14/.0*3,X3/2,*-9/.)+*8B)M/41+/W,/(--12.F/.1/>567./<O33=/(89/>::7./<*;B;F/O33/̂_�=/(O1A*/)M,./0*+41+?(83*/,89*T/-,8*/1@)0*+41+?/)M*/O*.)/W,/(--12./
()/SJJJ[:;/QM,./3M(+)/.M1N./)M*/01)*8),(-/14/>567./(89/>::7./41+/M,BM/)*?0*+()@+*/(00-,3(),18/NM*+*/M,BM/.)+*8B)MR)1R9*8.,)2/+(),1./<,;*;/M,BM/.0*3,X3/
.)+*8B)M=/(+*/+*P@,+*9;/<9=/6-*3)+18*B(),A,)2/(B(,8.)/()1?,3/+(9,@.;/QM*/*-*?*8)./M(A*/O**8/31-1+*9/)1/,9*8),42/3+2.)(-/.)+@3)@+*;/6T0*+,?*8)./.@BB*.)/)M()/
)M*/5@?*H>1)M*+2/+@-*./H/(331+9,8B/)1/NM,3M/.@O.),)@),18(-/.1-,9/.1-@),18./(+*/1O.*+A*9/?1.)-2/,8/(--12./14/*-*?*8)./N,)M/.,?,-(+/()1?,3/+(9,@.F/3+2.)(-/
.)+@3)@+*/(89/*-*3)+18*B(),A,)2/H/(+*/+*-(T*9/.1?*NM()/,8/?@-),R31?018*8)/.2.)*?.;/̀1+/,8.)(83*F/(/:1:+̀*W,'8/(--12/41+?./(/.,8B-*/433/.1-,9/.1-@),18/
*A*8/)M1@BM/)M*/31?018*8)./M(A*/)M+**/9,44*+*8)/.)+@3)@+*.;/QM,./3M(+)/N(./,8.0,+*9/O2/(/XB@+*/.M(+*9/O2/',C*/7.MO2;/L)/N(./?(9*/N,)M/)M*/:(?O+,9B*/
69@3(),18/a14)N(+*/<:6a=/69@0(3C/4+1?/b+(8)(/c*.,B8;

0()MN(2./41+/�VdeSS�/f9,.-13(),18.;/7)/)M*/?(3+1.310,3/.3(-*/)M,./-())*+/*44*3)/3(@.*./(/0+181@83*9/,83+*(.*/14/N1+CR
M(+9*8,8B/(89/(-.1/,83+*(.*./)M*/9@3),-,)2/O2/01.)018,8B/)M*/(3M,*A*?*8)/14/:18.,9*+*g./3+,)*+,18;
h8-,C*/433/567.F/-,))-*/,./C81N8/(O1@)/.)+*8B)M*8,8B/(89/9*41+?(),18/?*3M(8,.?./,8/O33/567.;/>*01+)./(+*/-,?,)*9/)1/

9@3),-*/567./318)(,8,8B/54F/WOF/Q,F/i+F/(89j1+/Q(/DEkHdGK;/c*41+?(),18/0+13*..*./(+*/3(++,*9/1@)/O2/9,.-13(),18/0-(.),3,)2/(89/
+*.@-)./.M1N/)M*/C*2/+1-*/14/�V�eSSS/f.3+*N/9,.-13(),18./,8/)M*/?*3M(8,3(-/O*M(A,1+/14/O33/567/.1-,9/.1-@),18./DdIK;/
L8/54WOQ(Q,i+F/9*41+?(),18/+(0,9-2/O*31?*./M*)*+1B*8*1@./(89/9,.),83)F/(-)*+8(),8B/O(89./14/9*8.*/9*41+?(),18/(3),A,)2/

8 
DISTRIBUTION STATEMENT A. Approved for public release (PA): distribution is unlimited.



����������	
���������������������������� � !

"#$%$&'()*"+&)#%,-..%/)#.'%"00."-%12342567%8*-.9%$&'()*"+&)#'%"00."-%),%(&:&+.$%:);&(&+<4%'=>>.'+&#>%*):0(.?4%.?+.#$.$%
$&'()*"+&)#%*)-.'%"'%"-.%+<0&*"((<%);'.-@.$%&#%$&(=+.%;**%:.+"('%"#$%"(()<'%"+%()9%+.:0.-"+=-.'7%AB&'%&'%"(')%*)#'&'+.#+%9&+B%
+B.%.@&$.#*.%),%$&'()*"+&)#%>(&$.%)#%CDD E0("#.'7%8B)-+F-"#>.%);'+"*(.'%*)#+-)(%+B.%0("'+&*%;.B"@&)-%"#$%B"-$.#&#>%&'%:"&#(<%
-.("+.$%+)%+B.%.@)(=+&)#%),%&#+.-#"(%'+-.''.'%$=-&#>%$.,)-:"+&)#%0-)*.''.'%&#%'):.%')(&$%')(=+&)#'%12567%G*+&@"+&)#%@)(=:.'%
:."'=-.$%='&#>%-.("?"+&)#%+.'+'%-.@."(%@"(=.'%,-):%5H!3%IJK9&+B%I%L	M NDDD%OP%;.+9..#%*-<)>.#&*%+.:0.-"+=-.'%"#$%
 QQRS4%*):0"+&;(.%9&+B%"%("++&*.%,-&*+&)#%$):&#"+.$%:.*B"#&':%KT.&.-('%;"--&.-'P4%&#%+B.%U-'+%"00-)?&:"+&)#%123H2�67%V#%+B.%
*("''&*"(%+B.-:"((<%"*+&@"+.$%$.,)-:"+&)#%,)-:"(&':4%"*+&@"+&)#%.#.->&.'%,)-%W&#W%0"&-%#=*(."+&)#%)#%'*-.9%$.,.*+'%;.+9..#%
Q72!%"#$%Q7X3%.Y%B"@.%;..#%);+"&#.$%12�67%Z)9.@.-4%.?+.#'&@.%$.;-&'%&#%+B.%9"W.%),%'*-.9%$&'()*"+&)#'%'=>>.'+%'+-)#>%
&#+.-"*+&)#'%),%'=*B%$.,.*+'%9&+B%0)''&;(.%()*"(%*):0)'&+&)#%[=*+="+&)#'%),%+B.%')(&$%')(=+&)#7%S)#'.\=.#+(<4%'+-.#>+B.#&#>%
:"<%;.%"'')*&"+.$%9&+B%,)-:"+&)#%),%'=0.-])>'%9B&*B%-.0-.'.#+%'+-)#>%"+B.-:"(%;"--&.-'%,)-%:)@&#>%$&'()*"+&)#'%12X67

������%����̂_���̂�̂_%̀�a�	̂��̀ �
b=.%+)%+B.%&#+-&#'&*%#"+=-.%),%SSG'4%')(&$%')(=+&)#%'+-.#>+B.#&#>%&'%*)#'&$.-.$%+)%B"@.%"%*-=*&"(%&:0"*+%)#%+B.%:.*B"#&*"(%

0-)0.-+&.'%),%'=*B%:"+.-&"('7%8)%,"-4%-.0)-+.$%B"-$.#&#>%:)$.('%,)-%SSG'%B"@.%*)#'&$.-.$%:&':"+*B%+.-:'%,-):%+B.%'&>#&,F
&*"#+%()*"(%:&':"+*B%&#%;)+B%.("'+&*%0-)0.-+&.'%"#$%"+):&*%@)(=:.'%),%*)#'+&+=.#+%"+):'%15!4�Q4�D6;=+%*)#'.#'='%B"'%#)+%
<.+%;..#%-."*B.$%"#$%:)-.%9)-W%&'%#..$.$c%*)#@.#+&)#"(%'+-.#>+B.#&#>%:)$.('%"()#.%*)=($%#)+%.?0("&#.$%+B.%:."'=-.$%
:.*B"#&*"(%0-)0.-+&.'7%V#%+B.%'":.%9"<4%+B.-.%B"'%;..#%.''.#+&"((<%#)%9)-W%"00(<&#>%'+"#$"-$%0"-+&*=("+.%B"-$.#&#>%:)$.('%
+)%SSG'7
AB.%'+-.#>+B.#&#>%&#%SSG'%*"#%-.'=(+%,-):%+B.%'0.*&U*%$.,)-:"+&)#%:.*B"#&':'%$.'*-&;.$%";)@.%"#$%:"<%"(')%-.(<%

)#%=#='="(%,."+=-.'7%Z"-$.#&#>%,-):%+-"#',)-:"+&)#F&#$=*.$%0("'+&*&+<%KAdVTP%"#$%+9&##&#>F&#$=*.$%0("'+&*&+<%KAeVTP%&'%
),+.#%);'.-@.$4%'&#*.%SSG'%),,.-%#.9%)00)-+=#&+&.'%,)-%+"&()-&#>%'+"*W&#>%,"=(+%.#.->&.'%K8fg'P%"#$%0B"'.%'+";&(&+&.'%+B"+%
*)#+-)(%+B.'.%:.*B"#&':'7%8&>#&U*"#+%()*"(%@"-&"+&)#'%&#%8fg%&'%'..#%,-):%$&-.*+%.?0.-&:.#+"(%:."'=-.:.#+'4%9B&*B%'B)9%
"%'&>#&U*"#+%$&,,.-.#*.%&#%+B.%'.0"-"+&)#'%;.+9..#%(."$&#>%"#$%+-"&(&#>%0"-+&"(%$&'()*"+&)#'%15367%AB.%&:0(&*"+&)#'%),%+B&'%
#.9%,."+=-.%)#%B"-$.#&#>%"#$%$.,)-:"+&)#%B"@.%#)+%<.+%;..#%.'+";(&'B.$7%ZgG'%'B)9%"%+<0&*"(%Z"((FT.+*B%-.("+&)#'B&0%
;.+9..#%>-"&#%'&/.%"#$%<&.($%'+-.#>+B%13!64%B)9.@.-4%SSG'%'B)9%"#%=#='="(%'+-.#>+B.#&#>%.,,.*+%$=.%+)%,-='+-"+&)#%),%
:">#.+&*%:):.#+'%12!67%80.*&U*"((<4%+B.%.\=&:)("-%S)S-h&%"(()<%&'%'+-)#>.-%+B"#%+B.%.(.:.#+"(%*)#'+&+=.#+'4%"#$%'):.%),%
+B&'%'+-.#>+B.#&#>%-.'=(+'%,-):%"%:">#.+&*%,-='+-"+&)#%+.-:7%Z)9.@.-4%"%*)#+&#=.$%&#*-."'.%&#%*):0)'&+&)#"(%*):0(.?&+<4%
,-):%S)S-h&%+)%S)S-f.i#h&4%$.*-."'.'%+B.%'+-.#>+B%$=.%+)%"%-.$=*+&)#%&#%+B.%:">#.+&*%,-='+-"+&)#%),%+B.%.\=&:)("-%\=&#"-<%
"(()<7

jk%lmmnonpqrns%qootu%snvnotwxnyr%z%mot{|y}%r~n%mtxwon�|ru%}qw

����%�

��%����
��̀ �̂�

AB.%&:0-)@.:.#+%),%+B.%:.*B"#&*"(%0-)0.-+&.'%),%0-):&'&#>%ZgG'%-.\=&-.'%$&,,.-.#+%"(()<&#>%'+-"+.>&.'%9B&*B%$.-&@.%,-):%
+-"$&+&)#"(%:.+"((=-><7%AB.%"00-)"*B.'%-.(<%)#%+B.%&#+-)$=*+&)#%),%'+-)#>%;"--&.-'%+)%$&'()*"+&)#%:)+&)#7%AB.'.%$.'&>#%0-)*.F
$=-.'%,)-%+B.%$.@.()0:.#+%),%#.9%"(()<'%"(')%$.0.#$%*-=*&"((<%)#%+B.%)0.-"+&#>%+.:0.-"+=-.%),%+B.%+"->.+%"00(&*"+&)#7%AB.-.%
"-.%+B-..%9"<'%+)%B"-$.#%ZgG'4%"((%),%+B.:%"-.%;=&(+%)#%+B.%"$$&+&)#%),%"00-)0-&"+.%.(.:.#+'%+)%0-)$=*.%+"->.+.$%:&*-)'+-=*F
+=-.'7%g"*B%'+-"+.><%"&:'%+)c%K&P%0-):)+.%+B.%,)-:"+&)#%),%:=(+&F0B"'.%ZgG'4%K&&P%);+"&#%"%*)#+-)((.$%#"#)F0-.*&0&+"+&)#%&#%
"%*):0)'&+&)#"((<%*):0(.?%')(&$%')(=+&)#%,)-%B&>B%+.:0.-"+=-.%"00(&*"+&)#'4%"#$%K&&&P%*)#+-)(%"(()<%*B.:&'+-<%+)%"*+&@"+.%&#F
$=*.$%0("'+&*&+<%.,,.*+'%=#$.-%'+-.''4%:"&#(<%"+%-)):%+.:0.-"+=-.7%8+-"+.>&.'%K&&P%"#$%K&&&P%9&((%;.%$&'*=''.$%&#%+B.%,)(()9&#>%
0"-">-"0B'%"'%+B.<%*)--.'0)#$%+)%+B.%:"&#%+-.#$'7
8=;'+"#+&"(%&#*-."'.'%&#%'+-.#>+B%H%9B&(.%W..0&#>%-."')#";(.%$=*+&(&+<%H%*)=($%;.%"*B&.@.$%&,%0-.*&0&+"+&)#%&'%*)#+-)((.$4%

����&,%+B.%0-.*&0&+"+.'%"-.%*)B.-.#+%"#$%U#.(<%$&'0.-'.$%&#%+B.%:"+-&?7%G%+"->.+.$%'+-"+.><%,)-%ZgG'%&'%@.-<%'&:&("-%+)%+B"+%
$.@.()0.$%&#%$=0(.?%�H��'=0.-"(()<'%"#$%(."$'%+)%+B.%-.'."-*B%),%B"-$.#.$%,**F)-%;**FZgG'%9&+B%#"#)'&/.$%-.&#,)-*F
&#>%0B"'.'%1 54� 67%V#%+B&'%-.'0.*+4%:&#)-%"$$&+&)#'%),%+&+"#&=:%"#$%"(=:&#=:%&#%S)HS-Hf.Hh&F;"'.$%'<'+.:'%B"@.%(.$%
+)%&#+.-.'+&#>%-.'=(+'%9&+B%+B.%,)-:"+&)#%),%h&JKA&4G(PF+<0.%0-.*&0&+"+.'%9&+B%+B.%�D '+-=*+=-.%&#%"%$&')-$.-.$%,**%:"+-&?%
Kf&>7 $P%1� 4�J67%G%B):)>.#.)='%$&'+-&;=+&)#%),%#"#):.+.-F'&/.$4%)-$.-.$%�D K��P%0-.*&0&+"+.'%9&+B&#%+B.%,**%:"+-&?%B"'%
;..#%);+"&#.$%&#%G(Q�JS)S-f.h&%",+.-%*)#+-)((.$%+B.-:)F:.*B"#&*"(%+-."+:.#+'%1�367%8=*B%0-.*&0&+"+&)#%&'%0-.$&*+.$%;<%+B.-F
:)$<#":&*%*"(*=("+&)#'%)@.-%"%;-)"$%*):0)'&+&)#%-"#>.4%;=+%+B.%"*+="(%+9)F0B"'.%,**%��D $):"&#%&'%-"+B.-%(&:&+.$%
$=.%+)%*B.:&*"(%*):0(.?&+<%),%+B.%"(()<&#>%'<'+.:%"#$%+B.%"00."-"#*.%),%:=(+&0(.%&#+.-:.+"((&*%0B"'.'%Kf&>73P7%Z)9.@.-4%
'=**.'',=(%.?0()-"+&)#%B"'%;..#%*"--&.$%)=+%&#%G(HS)HS-HKf.PHh&HA&%"(()<'%1� 4�J4�56"#$%&#%*):0(.?%S)HS-HS=Hf.Hh&%*):F
0)'&+&)#'%1�267%S)B.-.#+%#"#)F'*"(.$%0-.*&0&+"+.'%"-.%,)=#$%&#%KS)S-f.h&P!3A& G(39&+B%$&,,.-.#+%:)-0B)()>&.'4%"#$%+B.%':"((%
0-.*&0&+"+.%'&/.'%KDQHDQQ%#:P%&#$=*.%"%*)#'&$.-";(.%&#*-."'.%),%<&.($%'+-.#>+B%"+%-)):%+.:0.-"+=-.c%)@.-%D%�T"%&'%);+"&#.$4%
9B&*B%&'%5%+&:.'%B&>B.-%+B"#%+B.%'+-.#>+B%),%+B.%S)S-f.h&%.\=&:)("-%"(()<%1� 67%T-.*&0&+"+&)#%B"-$.#&#>%*)#+-&;=+.'%'&>F
#&U*"#+(<%+)%+B.%<&.($%'+-.#>+B%"#$%&'%.@.#%*)#'&$.-.$%"'%+B.%$):&#"#+%'+-.#>+B.#&#>%:.*B"#&':%"+%-)):%+.:0.-"+=-.%
&#%"(()<'%*)#+"&#&#>%#"#)F'*"(.%�D h&JKA&4G(P%"#$%h& G(A&%0-.*&0&+"+.'%1� 67%T-.*&0&+"+&)#FB"-$.#.$%ZgG'%.?B&;&+%&:0-)@.$%
+.#'&(.%0-)0.-+&.'%"+%B&>B%+.:0.-"+=-.%+B"#W'%+)%+B.%>))$%+B.-:"(%'+";&(&+<%),%+B.%�D 0B"'.%1��6c%.#B"#*.$%0-)0.-+&.'%"-.%
);'.-@.$%,)-%G(DQS) 5S-Xf.D5h&J2A&2&#%+B.%3QQHXQQRS%-"#>.%1�56"#$%,)-%KS)S-f.h&P!3A& G(3;.+9..#%�5QRS%"#$%!QQRS%
1�X67%V#%+B.%("++.-%*"'.4%0"-+&*(.%'B."-&#>%"00."-'%"'%+B.%:"&#%"*+&@.%'+-.#>+B.#&#>%:.*B"#&':7

9 
DISTRIBUTION STATEMENT A. Approved for public release (PA): distribution is unlimited.



��� �����		

�����������	���
������������� !

"#$%&%'()*+,-./0)012,345�6789:;4�6�<=+:>4-.:-.,?-)@4AB1?A-4)C)B?+D@4CD@ /;0EF=�G?-?H?(,I;.,1@)A?+A5J

K1,A4*4-?-4)CL.?1G,C4CML(-1?-,M4,(L?**,?1L@)1,LA.?++,CM4CML4CLHAALEF=(L?CGL00=(JL;.,L1,?()C(L?1,L->)B)+GNLO1(-IL?CGL
A)C-1?1PL-)LBAAL(P(-,@(LH?(,GL)CL34IL0)L)1L2,IL0=QKE=RL@)G,+4CML4(LDCA,1-?4CL?(LG?-?H?(,(L(,,@L4C(DSA4,C-+PL1,+4?H+,JL
F(*,A4?++PIL-.,LT<L*.?(,L4(L()@,-4@,(L)H(,1U,GL4CLV00=(L>4-.L=+ILHD-L-.,1@)GPC?@4AL@)G,+(L)BL-.,LT<L*.?(,L?1,LM,C,1?++PL
C)-L4CA+DG,GL4CL0=QKE=RLG?-?H?(,(JLW,A)CGIL-.,1,L?1,LU,1PLB,>L)H(,1U?-4)C(L)BLOC,L?CGL-.,1@?++PL(-?H+,L(,A)CGX*.?(,L*?1X
-4A+,(L4CLHAALEF=(Y00=(JLW,U,1?+L(P(-,@(L?1,L+4Z,+PL-)LH,L(-1,CM-.,C,GLHPL(,A)CG?1PL*.?(,(LHD-LG4BB,1,C-L*1)*)(,GL(-1?-,M4,(L
)B-,CL+,?GL-)LH14--+,L?++)P(LGD,L-.,L*1,A4*4-?-4)CL)BLDCA)C-1)++,GL*.?(,(L[�7I8�\JLE)>,U,1L1,A,C-L,BB)1-(L.?U,LP4,+G,GL*1)@4(X
4CML1,(D+-(L4CL=+<] _̂/] 0̀)I01I2,I345L[8̂\?CGL4CL-.,L])a3Ha;?a;4ab1L(P(-,@L>4-.L-.,L?GG4-4)CL)BL?+D@4CD@L[8<\IL>.,1,L
C?C)X*1,A4*4-?-4)CL)BL?LA).,1,C-L3HI;?I])X14A.L*.?(,L4CL?CL)1G,1,GLT<L@?-14cL/4CU,1-,GLGD*+,cLdade@4A1)(-1DA-D1,5L4(L)BL
*?1-4AD+?1L4C-,1,(-L[8<\JL;.,LT<fHAAL@4A1)(-1DA-D1,L+,?G(L-)L4@*1,((4U,L@,A.?C4A?+LA)@*1,((4U,L*1)*,1-4,(LD*L-)L̂���g0JL
;.,L1,(,?1A.L4(L(-4++L4CL*1)M1,((L-)L)*-4@4h,L-.,L@4A1)(-1DA-D1,LG,(4MCLHD-LU,1PL1,A,C-L1,(D+-(L)CL=+�6i3H;?�68;4̂6ij�6<b1L
A+,?1+PL(.)>L-.,L*)-,C-4?+L)BL(DA.L(P(-,@(L[<k\JL=B-,1L?**1)*14?-,L.,?-L-1,?-@,C-(ILA).,1,C-L?CGLOC,+PLG4(*,1(,GLT<L*1,X
A4*4-?-,(L?1,L)H(,1U,GL4CL-.,LG4()1G,1,GLHAAL@?-14cL/24MJ<A5JL],A.?C4A?+L*1)*,1-4,(L?1,L*?1-4AD+?1+PL?--1?A-4U,L?CGL*1)U4G,L?L
*1)@4(4CMLA)@H4C?-4)CL)BL.4M.LP4,+GL(-1,((L?CGLM))GLGDA-4+4-PL[<k\J
T?(,GL)CL-.,L?**1)?A.L4C4-4?++PLG,U,+)*,GLB)1L(-,,+(IL;V?C(B)1@?-4)CL'CGDA,GLK+?(-4A4-PL/;V'K5L?CGY)1L;>4CC4CML'CGDA,GL

K+?(-4A4-PL/;l'K5L,BB,A-(L.?U,LH,,CL(DAA,((BD++PL?**+4,GL-)LEF=(JL;.,LO1(-L,U4G,CA,L)BL-.,L;l'KL,BB,A-L4CL00=(L>?(L(.)>CL
4CL-.,LmD?-,1C?1PL0)̂�01̂�2,_�]C_�BAALA)@*)(4-4)CL?-L1))@L-,@*,1?-D1,L[8�\JL;.,LW2FL>?(L4C-,C-4)C?++PLG,A1,?(,GLHPL
-DC4CML-.,LA)@*)(4-4)CIL?CGL1,@)U4CML34LB1)@L-.,LmD4C?1PL0)012,]C34LB)1L-.4(L*D1*)(,JL'CL0)̂�01̂�2,_�]C_�IL->4CC4CML
4(L?A-4U?-,GL?-L(-1?4C(Ln̂ �oL?CGL-.,L>)1ZL.?1G,C4CML,U)+D-4)CL4(LU,1PL(4@4+?1L-)L-.?-L)BL;l'KL(-,,+(JL;.,LG,(4MCLA)CA,*-L
H?(,GL)CLW2FL.?(LH,,CL*D(.,GL-)L4-(L+4@4-(L-)L4CGDA,L?CLBAAX-)X.A*L*.?(,L-1?C(B)1@?-4)CLGD14CML@,A.?C4A?+L-,(-4CML-)L
)H-?4CL.4M.+PL.?1G,C?H+,LGD?+X*.?(,LEF=(L[8_\JL;.,LH,C,O-(L)BL-.4(L(-1?-,MPL?1,L->)B)+GNL4-L-?Z,(L?GU?C-?M,L)BL-.,L+?1M,L
()+4GL()+D-4)CL(-1,CM-.,C4CML,BB,A-LGD,L-)L-.,LA)@*)(4-4)C?+LA)@*+,c4-PL)BLEF=(IL?CGL4-LG,A1,?(,(L-.,LG4(+)A?-4)CL@,?CX*?-.L
>4-.L-.,LA1,?-4)CL)BLC,>L4C-,1B?A,(JL;.,L@,-?(-?H4+4-PX,CM4C,,14CML?**1)?A.L.?(L?+()LH,,CLD(,GL4CL0)a01a2,a]CLEF=(L?CGL
*?1-4AD+?1+PL4CL0)̂�01̂�2,8�9:]C:B)1L>.4A.L;l'KIL;V'KL?CGL;V'KLGD?+X*.?(,L?++)P(L.?U,LH,,CLG,(4MC,GLHPL?GpD(-4CML-.,L]CL
A)C-,C-L[8_I8i\JL2)1L-.,L+)>,1L]CLA)C-,C-L/:L̀��5ILGD?+X*.?(,LEF=L4(L)H-?4C,GL?CGL4C4-4?++PL/*14)1L-)LG,B)1@?-4)C5LA)C(4(-(L
)BLd/BAA5L?CGLq/.A*5L*.?(,(JL=-L1))@L-,@*,1?-D1,L-.,L0)̂�01̂�2,i�]C��?++)PL,c.4H4-(LM))GL@,A.?C4A?+L*1)*,1-4,(LGD,L-)L
-.,L4C4-4?+LGD?+X*.?(,L@4A1)(-1DA-D1,L?CGL?+()LB1)@L-.,L(PC,1MPLH,->,,CLG4(+)A?-4)CL(+4*ILB)1@?-4)CL)BL(-?AZ4CMLB?D+-(L?CGL
(-1,((X4CGDA,GL-1?C(B)1@?-4)CL)BLd-)Lq[8i\J
;V'KL,BB,A-(L.?U,L?+()LH,,CL1,A,C-+PL?A.4,U,GL4CLHAALEF=(JL]?4C+PL*1)*)(,GLB)1L;4XH?(,GL00=(IL-.,L(-1?-,MPL?4@(L-)L

4CA1,?(,LH)-.L-.,LGDA-4+4-PL?CGL>)1ZX.?1G,C4CML1?-,L)BL-.,(,L@?-,14?+(JL;>)LU4(4)C(L.?U,LH,,CL*1)*)(,GL4CL-.,L+4-,1?-D1,L
[8kI8�\HD-LH)-.L+,?GL-)L-.,LG,(4MCL)BL00=LA)@*)(4-4)C(L>.)(,L/HAA5L@?-14cL>4++LH,LG,(-?H4+4h,GLGD14CML-.,LG,B)1@?-4)CL
*1)A,((,(L?-L1))@L-,@*,1?-D1,JL'CLEF=(IL-.,L4G,?L>?(LO1(-LG,U,+)*,GLB1)@L?L(,@4X,@*414A?+L(-1?-,MPLD(4CML->)L,+,A-1)C4AL
*?1?@,-,1(NL)C,L*?1?@,-,1L/T)5L1,*1,(,C-(L-.,L?U,1?M,LA)U?+,C-LH)CGL(-1,CM-.LH,->,,CL;4L?CGL-.,L?++)P4CML,+,@,C-(L?CGL
-.,L(,A)CGL*?1?@,-,1L/]G5LA)11,(*)CG(L-)L-.,L?U,1?M,LGX)1H4-?+L,C,1MPL+,U,+L[88\JLTPLA.))(4CML?**1)*14?-,L,+,@,C-(IL?A-4X
U?-4)CL)BL;V'KL?CGY)1L;l'KL,BB,A-(L)1LG4(+)A?-4)CLM+4G,L4(L@?G,L*)((4H+,L4CLA)@*)(4-4)C?++PLA)@*+,cL;4XH?(,GL?++)P(L/24MJi5JL
;V'KL,BB,A-(L.?U,LH,,CL,U4G,CA,GL4CL?L;4X14A.L00=L>4-.L-.,L*1,(,CA,L)BL?L+?1M,LB1?A-4)CL)BL->4CC,GL@?1-,C(4-,LrsL?B-,1L
@,A.?C4A?+L-,(-4CMJL;.,L)H-?4C,GL-,C(4+,LH,.?U4)1L.4M.+4M.-(L-.,LH,C,O-L)BL-.,L(-1,((X4CGDA,GL@?1-,C(4-,L>4-.L?L.4M.LC)1X
@?+4h,GL>)1ZX.?1G,C4CML1?-,L)BL�Ĵ��L>4-.)D-L+)((L)BLGDA-4+4-PL4CLA)@*?14()CL)BL-.,LEB3H;?;4b1L1,B,1,CA,L?++)PL[8k\JLWDA.L?L
(-1?-,MPL?**,?1(L*1)@4(4CMILHD-L-.,LG,(-?H4+4h?-4)CL)BL-.,Lt/HAA5L*.?(,LHPL-.,LD(,L)BLT)a]GLG4?M1?@L4(L+4@4-,GL-)L;4XH?(,GL
?++)P(L?CGL4(L)C+PL*)((4H+,L?-L1))@L-,@*,1?-D1,J
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"#$%&%'()*+,-./*0(1*234/*5,6*7,8948:;,8(<*=;->(34/*(<<,?3*'>,::,0*<45:)*4@:6(1,<(:4/*:,*7,8748:6(:4/*(<<,?3*':,1*6;AB:)*CDEFG*=B4*/(3B4/*<;84*7,66431,8/3*
:,*:B4*5,60(:;,8*,5*0(6:483;:4*'.3)*56,0*:B4*>77*H1B(34G*I:(6:;8A*56,0*:B4*4J2;0,<(6*K5L>=(=;M6*7,01,3;:;,8N*:B4*7,21<4/*64/27:;,8*,5*=(*(8/*L>*
7,8:48:3*(8/*:B4*;8764(34*,5*K5N*L>*(8/*=;*,843*<4(/*:,*:B4*/4O8;:;,8*,5*(*8,8-4J2;(:,0;7*K5L>=(=;M6*7,01,3;:;,8*7<,34*:,*:B4*0(6:483;:4*(114(6(874*
P,84Q*'>)*R6434874*,5*3:6433*;8/274/*ST*'B71)*0(6:483;:4*;8*:B4*;8;:;(<*H'>77)*1B(34*(5:46*/45,60(:;,8G*RB(34*0(11;8A*'<45:Q*>77U*><24Q*B4@(A,8(<U*,6(8A4)*
(8/*,6;48:(:;,8*0(11;8A*'6;AB:)*'56,0*CDVF)G

W���*X�Y*���
�*	Z[*��\�Z�����

=B4*K]̂*7,8741:*(8/*;:3*5,28/;8A*8,94<*;/4(3*487,26(A4*0(:46;(<*37;48:;3:3*:,*7B(8A4*:B4*_(?*(<<,?3*(64*/43;A84/*'344*
I47:;,8 )̀N*,5546;8A*:B4*/43;A846*9(3:N*84_*,1:;,83*5,6*(/9(874/*0(:46;(<3G*K,_4946N*:B4*K]̂abb̂*7,0028;:?*023:*(//6433*
34946(<*3147;O7*7B(<<48A43*(8/*/494<,1*84_*c8,_<4/A4*:,*/4<;946*8,94<*(<<,?3*_;:B*>4::46*1465,60(874*:B(:*_;<<*>263:*,2:*
,5*:B4*<(>*:,*:B4*0(6c4:1<(74G*dbb̂3*(64*,84*,5*:B4*0,3:*16,0;3;8A*7(8/;/(:43*5,6*649,<2:;,8(6?*;016,94048:3N*3;874*:B4?*
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